ABSTRACT: The prediction of stiffness in short fiber reinforced thermoplastics is studied as a function of fiber length using injection molded blends of PS and PPO. The theoretical models for predicting composite stiffness are reviewed. The results are first compared with the theoretical models advanced for uniaxially aligned composites. These models predict higher than experimental values. However, agreement between the predictions and experimental values improves when the effect of fiber orientation distribution in the injection molded samples is taken into account and as the ductility (or the PPO content) of the matrix increases. Cox's model when used with the "laminate analogy" gives the closest prediction to the experimental stiffness. Reinforcement efficiency factor for stiffness is a strong function of retained fiber lengths. The dependence of composite stiffness on the matrix ductility and the effects of compatibility on the mechanical properties of PS-PPO blend system are also discussed.
INTRODUCTION
SHORT FIBER REINFORCED thermoplastics (SFRTP) are commercially very atl.7tractive. They can be processed using rapid fabrication techniques, e.g., injection molding while retaining many benefits of more conventional composites. These materials are already being used successfully in the automotive industry, consumer appliances, commercial business machines and in several other applications. Prediction of the performance of injection molded SFRTP is desirable from the design standpoint. However, the prediction is difficult, since the mechanical properties are complicated by the nonuniformity of the fiber length, and the distribution of the fiber orientation. One of our aims in this study is to explore the predicted dependence of composite stiffness as a function of fiber length for The polystyrene (PS)-polyphenylene oxide (PPO) blend system is studied for representing a wide range of matrix materials. The blends of PS and PPO show a complete solid solubility on the molecular level over the entire range of compositions [1] [2] [3] [4] [5] . More important, the PS-PPO blend system shows a transition from brittle to ductile failure with increasing PPO content by a gradual change in the microdeformation mechanisms [4, 6] . The Em and E, are the elastic moduli of the matrix and the fiber, respectively, and vf is the fiber volume fraction.
Stiffness of Short Fiber Composites
Equation (1) may be modified by including a length correction factor, 11£, for uniaxially aligned fibers of finite length.
1 is the fiber length and ~3 is given by:
In Equation (4) , Af is the cross-sectional area of the fiber, Gm is the shear modulus of matrix, r is the fiber radius, and R is the average distance between fibers normal to their length. The size of (3 will determine the dependence of E~ on fiber length. To get the length correction factor, Cox The discussion so far has been concerned with the stiffness of uniaxially aligned composites. However, the production techniques usually used with SFRTP do not permit control of fiber orientation. Any predictive work will be of little practical value unless the fiber orientation distribution (FOD) is taken into account in theoretical analyses. Krenchel [13] developed an &dquo;orientation efficiency factor,&dquo; 110 to account for the anisotropy of stiffness in Equation (2).
The orientation efficiency factor q, is determined by dividing the reinforcement into groups of uniaxially aligned fibers: where a,, is the fiber fraction oriented at an angle 6,, to the applied load. Equation (9) represents a simple method for the prediction of the stiffness of SFRTP. However, this equation predicts that fibers oriented perpendicular to the applied load offer no contribution to the matrix stiffness.
An alternate treatment of the stiffness of a composite in which there is a complex fiber orientation distribution and fiber length distribution was developed by Halpin and Pagano [14] . The approach adopted which is known as the classical &dquo;laminated plate theory&dquo; (LPT) or &dquo;laminate analogy&dquo; (LA), treats the composite as an assembly of laminates. The theory proposes that the stiffness of each layer is predicted or measured experimentally and the stiffness of the &dquo;plies&dquo; are summed to give the stiffness of the composite. The thickness of a ply (Ah) unidirectionally aligned at an angle (0) to the reference axis in the laminated composite is considered proportional to the fiber fraction (ah) having an angle (6) [3] to be responsible for the blend compatibility.
Characterization of the mechanical behavior of the PS-PPO blend system included the measurement of elastic modulus, tensile strength, percent elongation at break, and mode of failure. The discussion here is intended to provide some understanding for the observed behavior of this system and the effects of compatibility on the mechanical properties of PS-PPO blend system. A summary of the mechanical properties, and Tg's for the system are given in Table 2 . Both elastic modulus and tensile strength for the blends are higher than the linear combination of the values for the pure components. The similar behavior was also noted by Yee and Maxwell [5] [16] in detail using subsurface analysis by transmission optical microscopy and fracture surface analysis by scanning electron microscopy (SEM). In that study, it was established that the compositions with 0-50 % PPO content failed brittlely while the compositions with 65 % and higher PPO content showed a ductile failure.
Reinforcement Efficiency
The reinforcement efficiency is viewed here for stiffness. The stiffness of short fiber reinforced thermoplastics depends on the fiber length and its distribution, volume fraction of fibers, the stress transfer efficiency of the interface and the fiber orientation distribution. [17] . The average retained fiber lengths for the composite formulations with each type of fiber reinforcements used (1/4, 1/8, and 1/16&dquo; chopped fibers) are given in Table 3 .
Verification of reinforcement efficiency can now be done by comparing the experimental values of well-defined lengths with those predicted by the rule of mixture for a continuous composite at constant volume fractions of fibers. A graph Table 3 . Average retained fiber length (mm). is shown in Figure 1 , similar to one given by Anderson 
Predictions of the Mechanics
It was pointed out earlier that one of our aims is to verify the theories describing the influence of fiber length (or fiber aspect ratio) on the composite stiffness for SFRTP. So far, no work has been reported about the confirmation of the predictions of stiffness as a function of fiber length in well characterized SFRTP. By using different lengths of chopped fibers, we generated injection molded samples in a range of 0.0 mm to 0.5 mm average fiber lengths where composite stiffness varies significantly.
The stiffness predictions are compared with the experimental data for varying fiber lengths at constant fiber volume fraction. The three theoretical models, Equations (2) , (6) , and (8), which will be called Cox, H&T and O&W models, are used for the predictive calculations. Since the repetitive manipulation of theoretical models for varying fiber lengths is quite time-consuming, the calculations were eased with a computer. The calculated ROM value represents the upper limit of stiffness for a continuous, unidirectional fiber reinforced composite. Since these models are developed for the uniaxially aligned composites, they are compared first to the experimental data with the assumption that injection molded samples had perfect fiber alignment along the applied stress direction, i.e., before FOD is taken into account.
Experimental composite stiffness for PS is compared at constant fiber volume fraction (9.3 %) with the calculated values in Figure 3 . The theoretical models predict higher than the experimental values. This is not surprising since these models are developed for uniaxially aligned composites and they do not take FOD into consideration. The following observations deserve special comment. The models predict a strictly nonlinear relation between stiffness and fiber length and they approach ROM The distribution of fiber orientation was determined [17] following the procedure explained in Section 3. The complete FOD histograms for PS reinforced with three types of chopped fibers are presented in Figure 4 . In this figure, y Experimental composite stiffness for PS is compared with the predicted values after FOD is taken into account in Figure 5 . 
